Recently, we described a method for multiplex genome editing by natural transformation (MuGENT). Mutant constructs for MuGENT require large arms of homology (>2000 bp) surrounding each genome edit, which necessitates laborious in vitro DNA splicing. In Vibrio cholerae, we uncover that this requirement is due to cytoplasmic ssDNA exonucleases, which inhibit natural transformation. In ssDNA exonuclease mutants, one arm of homology can be reduced to as little as 40 bp while still promoting integration of genome edits at rates of ∼50% without selection in cis. Consequently, editing constructs are generated in a single polymerase chain reaction where one homology arm is oligonucleotide encoded. To further enhance editing efficiencies, we also developed a strain for transient inactivation of the mismatch repair system. As a proof-of-concept, we used these advances to rapidly mutate 10 high-affinity binding sites for the nucleoid occlusion protein SlmA and generated a duodecuple mutant of 12 diguanylate cyclases in V. cholerae. Whole genome sequencing revealed little to no off-target mutations in these strains. Finally, we show that ssDNA exonucleases inhibit natural transformation in Acinetobacter baylyi. Thus, rational removal of ssDNA exonucleases may be broadly applicable for enhancing the efficacy and ease of MuGENT in diverse naturally transformable species.
INTRODUCTION
Natural transformation is a conserved mechanism of horizontal gene transfer in diverse microbial species. In addition to promoting the exchange of DNA in nature, this process is exploited to make mutant strains in a lab setting. Also, we have recently described multiplex genome editing by natural transformation (MuGENT), a method for multiplex mutagenesis in naturally transformable organisms (1) . This method operates under the principle that a subpopulation of cells under competence inducing conditions displays high rates of natural transformation. During MuGENT, cells are incubated with two distinct types of products; one product is a selected marker (i.e. containing an Ab R cassette), which is used to isolate the transformable subpopulation, while the other product is an unselected marker to introduce a mutation (genome edit) of interest without requiring selection in cis (i.e. without requiring an antibiotic resistance marker at the edited locus). Upon selection of the selected marker, one can screen for cotransformation of the unselected marker. Under optimal conditions, cotransformation frequencies can be up to 50%. Furthermore, multiple unselected markers can be incubated with cells simultaneously during this process for multiplex mutagenesis.
One requirement for unselected markers during Mu-GENT is long arms of homology (>2 kb) surrounding each genome edit, which are required for high rates of cotransformation. As a result, generating mutant constructs requires laborious in vitro splicing of polymerase chain reaction (PCR) products for each genome edit, which is a major bottleneck for targeting multiple loci during MuGENT. DNA integration during natural transformation is carried out by RecA-mediated homologous recombination. Initiation of RecA-mediated recombination, however, does not require such long regions of homology (2) , and theoretically, one long arm of homology should be sufficient to initiate recombination. Therefore, we hypothesized that other factors might necessitate the long arms of homology required for unselected products during MuGENT.
Transforming DNA (tDNA) enters the cytoplasm of naturally transformable species as ssDNA (3) . Here, we identify that ssDNA exonucleases inhibit natural transforma-tion in Vibrio cholerae and Acinetobacter baylyi, two naturally competent species. We exploit this observation to improve MuGENT and perform two proof-of-concept experiments to demonstrate the utility of this method for dissecting complex biological systems and address questions that are impractical using a classical genetic approach.
MATERIALS AND METHODS

Bacterial strains and culture conditions
All strains used throughout this study are derived from V. cholerae E7946 (4) or A. baylyi ADP1 (5) . The N16961 strain of El Tor V. cholerae was not used in this study because it has a mutation in HapR, which inhibits its natural competence and transformation (6, 7) . Vibrio cholerae strains were routinely grown in LB broth and on LB agar plates supplemented with 50 g/ml kanamycin, 200 g/ml spectinomycin, 10 g/ml trimethoprim, 100 g/ml carbenicillin and 100 g/ml streptomycin as appropriate. Acinetobacter baylyi was routinely grown in LB broth and on LB agar plates supplemented with 50 g/ml kanamycin or 50 g/ml spectinomycin as appropriate. A detailed list of all strains used throughout this study can be found in Supplementary Table S2 .
Generation of mutant strains and constructs
Mutant strains were generated by splicing-by-overlap extension (SOE) PCR and natural transformation/cotransform ation/MuGENT exactly as previously described (1, 8) .
Briefly, for SOE PCR, primers were engineered to contain overlapping regions in the DNA segments that would be stitched together. All DNA segments were amplified using the high-fidelity polymerase Phusion. Each DNA segment was then gel extracted (to remove template, primers and any non-specific amplified products). These gel extracted DNA segments then served as template for the SOE PCR reaction using primers that would amplify the final spliced product. For a schematic of SOE PCR see Supplementary Figure  S3 . All primers used for making mutant constructs can be found in Supplementary Table S3 .
Vibrio cholerae transformation assays
Cells were induced to competence by incubation on chitin (Figures 1 and 2) or via ectopic expression of tfoX (P tactfox, Figures 3-5) exactly as previously described (1, 8) . Briefly, competent cells were incubated with tDNA statically at 30 • C for ∼5 h. The tDNA used to test transformation efficiencies throughout this study was ∼500 ng of a linear PCR product that replaced the frame-shifted transposase, VC1807, with an antibiotic resistance cassette (i.e. VC1807::Ab R ). After incubation with tDNA, reactions were outgrown by adding LB and shaking at 37 • C for 2 h. Reactions were then plated for quantitative culture onto selective media (transformants) and onto non-selective media (total viable counts) to determine the transformation efficiency (defined as transformants/total viable counts).
MuGENT/cotransformation in V. cholerae
Cells were induced to competence exactly as described above for transformation assays. Competent cells were incubated with ∼50 ng of a selected product (generally VC1807::Ab R ) and ∼3000 ng of each unselected product unless otherwise specified. Cells were incubated with tDNA and plated exactly as described above for transformation assays.
Mutations were detected in output transformants by MASC-PCR, which was carried out exactly as previously described (1, 9) . See Supplementary Table S3 for a list of all primers used for MASC-PCR. To generate the 10xSBS and 12 diguanylate cyclase (DGC) mutants, the most highly edited strain obtained in the first cycle of MuGENT (from 48 screened) was subjected to an additional round of MuGENT using mutant constructs distinct from those integrated in the first cycle. This process was iteratively performed until all genome edits were incorporated (between three and four cycles were required for all mutants generated in this study).
To repair the P tac -tfoX, recJ, exoVII, P tac -mutL E32K and lacZ::lacIq mutations in the 10xSBS and 12 DGC mutants, strains were subjected to MuGENT to revert these mutations using mutant constructs amplified from the wildtype (WT) strain. These unselected products contained 3/3 kb arms of homology. Reversion of these mutations was confirmed by MASC-PCR and through whole genome sequencing.
Fluctuation analysis for determining mutation rates
Fluctuation analysis for each strain tested was performed by inoculating 10 3 cells into 10 parallel LB cultures and growing overnight at 30 • C for exactly 24 h. Then, each reaction was plated for quantitative culture on media containing 100 g/ml rifampicin (to select for spontaneous rifampicin resistant mutants) and onto non-selective media (to determine the total viable counts in each culture). Mutation rates were then estimated using the Ma-Sandri-Sarkar Maximum Likelihood Estimator (MSS-MLE) method using the online FALCOR web interface (10, 11) .
Whole genome sequencing
Sequencing libraries for genomic DNA for single end 50 bp reads were prepared for sequencing on the Illumina HiSeq platform exactly as previously described (12) . Data were then analyzed for single nucleotide variants and small (<5 bp) indels relative to a reference genome using the CLC Genomics Workbench (Qiagen) exactly as previously described (13) . For paired end sequencing, genomic DNA libraries were prepped using an NEBNext Ultra kit according to manufacturer's instructions and sequenced on the Illumina MiSeq platform (2 × 300 bp reads). Data were analyzed for structural variants (inversions/deletions), large deletions and point mutations using CLC Genomics Workbench (Qiagen).
RNA-seq analysis
RNA was purified using Trizol reagent (ThermoFisher) and then sequencing libraries were prepared using RNAtag-Nucleic Acids Research, 2017, Vol. 45, No. 12 7529 Seq exactly as previously described (14) . Reads obtained were mapped to the N16961 reference genome (accession: NC 002505 and NC 002506) and analyzed using the Tufts University Galaxy server (15) . Normalized transcript abundance was measured by aggregating reads within a gene and then normalizing for the size of the gene.
Image analysis for division accuracy and FtsZ cell cycle choreography
Cells were grown in M9 minimal medium supplemented with 0.2% fructose and 1 g/ml thiamine to exponential phase and then spread on a 1% (w/v) agarose pad of the same medium for microscopic analysis. Septum accuracy was determined in snapshot cell images acquired using a DM6000-B (Leica) microscope and analyzed using Micro-beTracker. ftsZ-RFPT was introduced at the lacZ locus and expressed from the arabinose promoter using 0.02% of L-Arabinose. FtsZ-RFPT cell cycle choreography was determined in time-lapse experiments, the slides were incubated at 30 • C and images acquired using an Evolve 512 EMCCD camera (Roper Scientific) attached to an Axio Observe spinning disk (Zeiss). Image analysis was done as previously described (16, 17) , in the cell cycle representations colors were assigned to the maximal and minimal fluorescence intensity projections observed at each time point of the time-lapse.
Assaying intracellular c-di-GMP
To determine intracellular c-di-GMP, overnight cultures were back diluted (1:1000) into 2 ml cultures and grown to the appropriate OD 600 (LCD: 0.200-0.300, HCD: ∼1.00). An aliquot (1.5 ml) of each culture was centrifuged at 15 000 rpm for 30 s and decanted. The remaining pellet was resuspended in 100 l of cold extraction buffer (40% acetonitrile-40% methanol-0.1N formic acid) and incubated at −20 • C for 30 min. The sample was centrifuged at 15 000 rpm for 10 min and the supernatant was collected. The solvent was evaporated via a vacuum manifold and the pellet was stored at −80 • C. The pellet was resuspended in 100 l of HPLC-grade water before quantification of c-di-GMP by an Acquity Ultra Performance liquid chromatography system coupled with a Quattro Premier XE mass spectrometer as previously described (Massie et al. (18) ). An 8-point standard curve ranging from 1.9 to 250 nM of chemically synthesized c-di-GMP (Biolog) was used to determine [c-di-GMP]. Intracellular concentration of cdi-GMP was estimated as described (18) . Because the total c-di-GMP that is measured was divided by a larger intracellular volume at high cell density (HCD) due to higher numbers of cells, this results in HCD having a lower limit of detection for estimated intracellular c-di-GMP than low cell density (LCD).
Swim assays
Swimming motility was assayed essentially as previously described (19) . Briefly, indicated strains were stabbed into the center of an LB + 0.3% soft agar motility plate and then incubated at 30 • C for 16 h. Data are shown as the diameter of the swim radius in mm.
Biofilm assays
The MBEC Assay System (Innovotech) was used to quantify biofilm formation. An aliquot of each overnight culture (1.5 ml) was pelleted by centrifugation at 15 000 rpm for 3 min. The pellet was washed three times with DPBS (1 ml) and resuspended in 1 ml of LB liquid media. The resulting culture was back-diluted to an estimated OD 600 = 0.001 and aliquoted onto a 96-well MBEC Assay plate (160 l/well, n = 5). Strains harboring pMLH17 were induced with 0.2% arabinose and selected with ampicillin (100 g/ml) before being aliquoted. The plate was incubated at 37 • C for 24 h shaking at 150 rpm in a humidity chamber to grow biofilms. Biofilm formation was determined by crystal violet staining as previously described (20) .
Acinetobacter baylyi transformation assays
To test transformation efficiency, A. baylyi strains were first grown overnight (16-24 h) in LB medium. Overnight cultures were then spun and resuspended in fresh LB medium to an OD 600 = 2.0. Then, for each transformation reaction, 50 l of this culture was diluted into 450 l of fresh LB medium. Transforming DNA was then added and reactions were incubated at 30 • C shaking for 5 h. The tDNA used to test transformation efficiency in this study replaces a frame-shifted transposase gene, ACIAD1551, with an Ab R . Following incubation with tDNA, reactions were plated for quantitative culture onto selective and nonselective media to determine the transformation efficiency as described above.
RESULTS
The ssDNA exonucleases RecJ and ExoVII limit natural transformation in V. cholerae
It has previously been shown that high efficiency natural transformation in V. cholerae requires long arms of homology surrounding the mutation (1, 21) . To test this here, we compared rates of transformation using tDNA products containing 3 kb arms of homology on each side of an antibiotic resistance marker (i.e. 3/3 kb) or a product where one arm of homology is reduced to just 80bp (i.e. 0.08/3 kb). Consistent with previous studies, we find that the transformation efficiency of the 0.08/3 kb product is ∼100-fold lower than with the 3/3 kb product ( Figure 1 ). Because RecA should be able to initiate recombination of tDNA with a single long arm of homology, we hypothesized that the reduced rates of transformation observed for the 0.08/3 kb product may be due to DNA endo-or exonucleases that degrade tDNA subsequent to uptake.
One factor previously implicated in limiting natural transformation in V. cholerae is the extracellular/periplasmi c endonuclease Dns (6) . We tested the transformation efficiency of a dns mutant using the 3/3 kb and 0.08/3 kb products. While there was a slight increase in the transformation efficiency in the dns mutant using the 0.08/3 kb product, this was still at least ∼100-fold lower than when using the 3/3 kb product as tDNA ( Supplementary Figure S1 ). Thus, Dns is not the main factor that accounts for the relatively poor transformation efficiency of the 0.08/3 Figure 1 . The ssDNA exonucleases RecJ and ExoVII limit natural transformation in Vibriocholerae. Natural transformation assays of the indicated V. cholerae strains with a polymerase chain reaction (PCR) product as tDNA that has (A) 3 kb arms of homology on each side of an antibiotic resistance marker (i.e. 3/3 kb) or (B) a product where one arm of homology is reduced to just 80 bp (i.e. 0.08/3 kb). Data are from at least three independent biological replicates and shown as the mean ± SD. Statistical comparisons were made by Student's t-test to the wild-type (WT) strain. *P < 0.05, **P < 0.01 and ***P < 0.001. kb product. During natural transformation, tDNA translocated into the cytoplasm is single-stranded. Thus, we hypothesized that cytoplasmic ssDNA exonucleases may degrade tDNA after uptake. As a result, rates of transformation for the 0.08/3 kb product would be reduced compared to a 3/3 kb marker since the former has less DNA on one homology arm to serve as a 'buffer' for exonuclease degradation. This is consistent with previous work, which demonstrated that extending arms of homology with non-specific sequences could increase rates of natural transformation (possibly by serving as a buffer for degradation) (21) . To test this hypothesis further and identify the ssDNA exonucleases that may be responsible, we targeted the ssDNA exonucleases RecJ, ExoVII, ExoIX and/or ExoI for inactivation. We found that inactivation of recJ and exoVII independently resulted in significantly increased rates of natural transformation with the 0.08/3 kb product ( Figure 1 ). Furthermore, in a recJ exoVII double mutant, the transformation efficiency for the 0.08/3 kb product was increased ∼100-fold, which was similar to the efficiency of the WT with the 3/3 kb product ( Figure 1 ). Thus, RecJ and Ex-oVII both inhibit natural transformation likely by degrading cytoplasmic ssDNA following tDNA uptake. Consistent with RecA-mediated recombination, enhanced transformation efficiency in the recJ exoVII double mutant required homology on both sides of the mutation and at least one long arm of homology (Supplementary Figure S2 ). It is likely that one long arm of homology is required to initiate homologous recombination at high efficiency during natural transformation.
High efficiency cotransformation of ssDNA exonuclease mutants with single PCR mutant constructs
Above, we found that as long as there was one long arm of homology (3 kb), the other arm of homology could be 80 bp on a selected marker to support high efficiency integration of tDNA. For a selected product (i.e. a product containing a selectable Ab R marker), this has limited utility since generating these mutant constructs still requires in vitro DNA splicing of the Ab R cassette to one arm of homology. Exploiting ssDNA exonuclease mutants for mutagenesis would be much more useful if similar arms of homology could be used on unselected products during Mu-GENT. Normally, to make 3/3 kb mutant constructs for defined deletions or point mutations, the mutation is engineered onto the oligonucleotides used to amplify the upstream and downstream region of homology (Supplementary Figure S3 ). Then, in vitro splicing of these products generates the final mutant construct. If 80 bp of homology is sufficient in ssDNA exonuclease mutant backgrounds, however, this can be engineered onto the same oligonucleotide used to generate the mutation. This would allow for generation of mutant constructs with 0.08/3 kb homology in a single PCR reaction (Figure 2A and Supplementary Figure  S3 ).
To determine if mutant constructs generated in a single PCR reaction could be used for MuGENT in ssDNA exonuclease mutant backgrounds, we first tested integration of one unselected product (also called cotransformation). The unselected genome edits tested introduced a 50, 100, 500 bp deletion or a transversion nonsense point mutation into the lacZ coding sequence, which provided a simple readout for cotransformation on X-gal containing medium. All point mutant and deletion unselected products were generated in a single PCR reaction by engineering the mutation onto the same oligonucleotide encoding the 80 bp arm of homology (Supplementary Figure S3 ). Single unselected products were incubated with a competent popula- Cotransformation assays using 50 ng of a selected product and 3000 ng of an unselected product (all are 0.08/3 kb) into the indicated strain backgrounds. The different unselected products tested generate the indicated type of mutation in the lacZ gene. (C) Cotransformation assays in a recJ exoVII mutant using 50 ng of a selected product and the indicated amount of an unselected product (0.08/3 kb) that introduces a 50 bp deletion into the lacZ gene. (D) Cotransformation assays in a recJ exoVII mutant using 50 ng of a selected product and 3000 ng of an unselected product (X/3 kb) that introduces a 50 bp deletion into the lacZ gene. All data are from at least three independent biological replicates and shown as the mean ± SD. LOD = limit of detection and PM = point mutation.
tion along with a selected marker that replaces the frameshifted transposase VC1807 with an Ab R marker. We found that cotransformation rates for all of the unselected products tested were either at or near the limit of detection in the WT strain background ( Figure 2B ). In the recJ exoVII mutant, however, a 50 bp deletion and a transversion point mutation could be integrated at cotransformation rates of ∼50% ( Figure 2B ). Single PCR mutant constructs could not promote high efficiency cotransformation of 100 or 500 bp deletions though ( Figure 2B ). The concentration of unselected product required for high rates of cotransformation are ∼1000 ng, which is approximately three times lower than that required in the original MuGENT protocol (Figure 2C) (1). This is likely due to reduced degradation of cytoplasmic tDNA in the ssDNA exonuclease mutant background. We also sought to determine the shortest length of homology required to facilitate efficient cotransformation.
To that end, we tested unselected products with reduced lengths of the 'short' oligonucleotide encoded arm of homology. We found that a short arm of homology of even ∼10-15 bp allowed for efficient cotransformation, however, the highest rates observed required ∼40 bp of homology ( Figure 2D ). Thus, cotransformation in ssDNA exonuclease mutant backgrounds allows for high efficiency integration of unselected products generated via a single PCR reaction without any in vitro DNA splicing.
Subverting MMR in ssDNA exonuclease mutant backgrounds using a dominant negative allele of MutL
Single-stranded exonucleases, including RecJ and ExoVII, participate in methyl-directed mismatch repair (MMR) by excising and degrading the mutated strand (22) . Thus, while a recJ exoVII double mutant may allow for highly efficient natural transformation, an off-target effect may be an increased rate of spontaneous mutations via reduced MMR activity. To test this, we performed fluctuation tests for spontaneous resistance to rifampicin to determine the mutation rates of select ssDNA exonuclease mutants. We found that the recJ exoVII double mutant had a mutation rate similar to the WT (Supplementary Figure S4) , indicating intact MMR activity in this mutant background.
Conversely, MMR can inhibit natural transformation in many bacterial species (3) . We therefore tested if MMR inhibited natural transformation of point mutations in ss-DNA exonuclease mutants using 0.04/3 kb mutant constructs. To induce transformation in these experiments, strains contained the master regulator of competence, tfoX, under the control of an IPTG-inducible P tac promoter (8) . Generally, transition mutations are efficiently repaired by the MMR system, while transversion mutations are poorly recognized (23, 24) . Cotransformation of a transition point mutation into the parent recJ exoVII mutant is significantly reduced compared to a transversion point mutation (Figure 3A) . Conversely, both types of point mutations are integrated at equal rates in a mutS MMR-deficient background ( Figure 3A) . Thus, these results indicate that MMR can inhibit the integration of point mutations in ssDNA exonuclease mutant backgrounds when using 0.04/3 kb mutant constructs.
While inactivation of MMR allowed for highly efficient integration of genome edits with point mutations, performing mutagenesis in MMR deficient backgrounds is not optimal, as these strains would accumulate a large number of off-target mutations. So next, we sought to generate a strain where we could transiently inactivate the MMR system. Recently, a dominant-negative allele of MutL (E32K) was used to transiently inactivate MMR during multiplex automated genome engineering (MAGE) in Escherichia coli (25) . We generated a strain of V. cholerae where expression of mutL E32K was driven by an IPTG-inducible P tac promoter in the recJ exoVII P tac -tfoX mutant strain background. As expected, the spontaneous mutation rate of this strain was similar to the parent strain in the absence of IPTG, while it approached the mutation rate of an MMR-deficient mutant in the presence of 100 M IPTG ( Figure 3B ), indicating that overexpression of mutL E32K, indeed, functionally inactivates the MMR system. Next, we tested the cotrans- formation efficiency of a genome edit with a transition point mutation into this transient mutator strain. In the P tac -mutL E32K background, we observed remarkably high cotransformation efficiencies for a transition point mutation, which was equivalent to the cotransformation efficiency observed in an MMR deficient background ( Figure 3C ). Cells only undergo 1-2 generations of growth in the presence of IPTG in these experiments (i.e. conditions where MMR is transiently inactivated); thus, the number of spontaneous mutations that will be introduced during this procedure should be minimal, which was tested further below.
Exo-MuGENT for dissection of SlmA function in V. cholerae
Having successfully introduced one unselected product into ssDNA exonuclease mutants using a 0.04/3 kb mutant construct, we next wanted to test MuGENT with multiple 0.04/3 kb unselected products in ssDNA exonuclease mutant backgrounds. We refer to this new approach as Exo-MuGENT. In a first proof-of-concept experiment, we used Exo-MuGENT to introduce multiple unselected products containing specific point mutations into the genome. As a target, we studied the nucleoid occlusion protein SlmA, which binds to specific sequences in the genome called SlmA binding sites (SBSs). DNA-binding by SlmA allows it to inhibit FtsZ polymerization over the nucleoid, which is required for proper placement of the division site in V. cholerae (17) . Indeed, inactivation of slmA results in mislocalization of FtsZ during the cell cycle (17) . There are 79 SBSs in the V. cholerae chromosome (17) with varying affinities for SlmA. We decided to initially determine the role of the highest-affinity SBSs on nucleoid occlusion activity. To test this, we performed Exo-MuGENT to mutate conserved residues in the 10 SBSs with the highest affinity for SlmA (17) . The mutant constructs contained homology lengths of 0.04/3 kb, where the 40 bp of homology was appended onto the same oligonucleotide used to introduce the point mutations into the SBSs. Using this approach, we first incu-bated five unselected products with a population of competent cells to target five distinct SBSs for mutagenesis. This was performed in both the parent strain background ( recJ exoVII P tac -tfoX) and in the P tac -mutL E32K transient mutator strain ( recJ exoVII P tac -tfoX P tac -mutL E32K). Surprisingly, Exo-MuGENT yielded highly complex mutant populations in both strain backgrounds with a significant fraction (10-15%) of both populations containing 3-4 genome edits ( Figure 4A ). Thus, while MMR may limit integration of unselected products with a single point mutation ( Figure 3C ), Exo-MuGENT with multiple unselected products that introduce a large number of point mutations may overwhelm the MMR system. This phenomenon is also observed in other naturally competent species (26) . Thus, depending on the application, both the parent and transient mutator strain backgrounds can be used to generate highly edited strain backgrounds and complex mutant populations.
Next, we took the strains with the greatest number of genome edits in the first cycle of Exo-MuGENT and then subjected each to additional cycles of editing. As for the original MuGENT protocol, the selected products used in each cycle of Exo-MuGENT swapped the antibiotic resistance marker at the selected locus (i.e. introduction of a new resistance cassette replaced the endogenous one), which facilitates recycling of resistance markers throughout the procedure. We selected the most highly edited strain at each cycle and continued until all 10 genome edits were incorporated. This process took three cycles of Exo-MuGENT in the P tac -mutL E32K strain background and four cycles in the parent strain background. We then repaired the recJ, exoVII, P tac -mutL E32K and P tac -tfoX mutations in both strains backgrounds to generate SBS edited strains (referred to as 10xSBS) that were isogenic with our WT strain (see 'Materials and Methods' section for details). Repair of these alleles was at least as efficient as introduction of the SBS genome edits and took only one-two cycles of Exo-MuGENT to accomplish. Thus, these strains were subjected to 14 distinct genome edits by MuGENT in ssDNA exonuclease mutant backgrounds.
One concern when performing multiplex mutagenesis is the accumulation of off-target mutations. The original Mu-GENT protocol resulted in little to no off-target mutations, even in strains with 13 genome edits (1, 27) . To determine if this was also true for Exo-MuGENT, we sequenced the whole genomes of the 10xSBS strains obtained in the P tac -mutL E32K and parent strain backgrounds (See 'Materials and Methods' section for details) and analyzed this data for the presence of off-target point mutations and/or small indels relative to the parent strain. For the 10xSBS mutant in the parent strain background, we identified two nonsynonymous point mutations in the alaS and rdgC genes, which were not within the mutant constructs of any of the SBSs targeted by our approach. So, these were likely spontaneous point mutations in this strain. In the P tac -mutL E32K strain background, despite transient suppression of mismatch repair during mutagenesis, we found no off-target mutations in the 10xSBS mutant. As a result, the latter strain was characterized further for its impact on cell division licensing.
First, we found that FtsZ localization throughout the cell cycle in the 10xSBS mutant was largely similar to the WT, indicating that these 10 high-affinity SBSs do not account for the majority of SlmA-dependent nucleoid occlusion activity (Supplementary Figure S5) . Cell division accuracy can be assessed by measuring the faithful placement of the septum at midcell in dividing cells. In the 10xSBS mutant we did observe a small but significant reduction in cell division accuracy ( Figure 4B and C) . Thus, these 10 SBSs may play a subtle role in the proper placement of the division site in V. cholerae. Cumulatively, these results demonstrate that Exo-MuGENT (i.e. the use of ssDNA exonuclease mutants for MuGENT with single PCR mutant constructs) dramatically simplifies the procedure and provides an efficient means to rapidly generate highly edited bacterial genomes with little to no off-target mutations.
Exo-MuGENT for genetic dissection of c-di-GMP biogenesis in V. cholerae
Next, we attempted to use Exo-MuGENT to introduce multiple deletions into the genome in a second proof-of-concept experiment. The targets in this second experiment are the genes required for biogenesis of cyclic di-GMP (c-di-GMP). This secondary messenger regulates the transition between motile and sessile lifestyles in microbial species and is generated by the action of DGCs (28) . Generally, increased levels of c-di-GMP correlate with decreased motility and enhanced biofilm formation, while decreased c-di-GMP levels are correlated with increased motility and decreased biofilm formation. There are 41 distinct DGCs in V. cholerae (29) . Since c-di-GMP is readily diffusible, this compound can mediate a global regulatory response (low specificity signaling), however, it has been demonstrated in V. cholerae that specific DGCs mediate distinct outputs that are independent of the cellular c-di-GMP concentration (18) . This argues a high-specificity of signaling via distinct DGCs. Also, with such a large number of DGCs there is the possibility that enzymes within this class are genetically redundant. To begin to genetically dissect this system, we decided to inactivate the 12 DGCs that are most highly expressed (as determined by RNA-seq) or that were previously implicated in c-di-GMP-dependent phenotypes during growth in rich medium ( Supplementary Table S1 ) (30, 31) . Genes were inactivated using mutant constructs that replaced 48 bp of the 5' end of each gene targeted with a sequence to introduce a premature stop codon (Supplementary Figure S3 ). These mutant constructs had 0.04/3 kb of homology, where the 40 bp of homology was appended onto the oligonucleotide used to introduce the mutation. Thus, each unselected product was generated in a single PCR reaction as described above (Figure 2A and Supplementary Figure S3 ). We performed Exo-MuGENT in the recJ, exoVII, P tac -tfoX strain with five of these unselected products. In a single cycle, ∼60% of the population had one or more genome edits with a small portion (∼6%) of the population having three-four genome edits incorporated in a single step (Figure 5A) . The quadruple mutant generated in the first cycle of this process was subjected to three additional rounds of MuGENT with the most highly edited strain at each step being carried over into the subsequent cycle until all 12 of the DGCs targeted were inactivated ( Figure 5B ). Then, we repaired the recJ, exoVII, P tac -tfoX, and lacZ::lacIq mutations in this background to make a strain that was isogenic with the WT. Despite the 16 genetic modifications, whole genome sequencing via paired-end sequencing (2 × 300 bp reads) revealed that this strain had no off target mutations (including point mutations, inversions, small indels or large deletions).
In V. cholerae, c-di-GMP is produced at higher levels during growth at LCD compared to HCD (32) . We found that c-di-GMP levels were at the limit of detection in cell extracts of the 12 DGC mutant at both LCD and HCD as measured by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS), indicating that the 12 DGCs targeted play a major role in producing this second messenger during growth in rich medium ( Figure 5C ). Note that the limit of detection at LCD is different from that at HCD in these assays (see 'Materials and Methods' section for details). Low levels of c-di-GMP are correlated with enhanced motility and decreased biofilm formation in V. cholerae (33) . Consistent with this, we find that the 12 DGC strain displays significantly increased motility on swim agar (Figure 5D ). The E7946 strain used throughout this study is a smooth variant of V. cholerae and naturally produces poor biofilms. Therefore, we did not observe a decrease in biofilm formation in the WT compared with the 12 DGC strain. However, one transcriptional activator required for extracellular polysaccharide production and biofilm formation is VpsR (34) . To activate transcription, VpsR directly binds to c-di-GMP (35) . We found that ectopic expression of VpsR in the WT background resulted in a significant increase in biofilm formation, presumably by enhancing the activ-ity of the basal levels of c-di-GMP produced ( Figure 5E ). VpsR is not, however, sufficient and c-di-GMP is still required for activation of downstream pathways required for biofilm formation (35, 36) . Consistent with this, we find that VpsR overexpression in the 12 DGC strain does not increase biofilm formation ( Figure 5E ). Thus, this suggests that some combination of the 12 DGCs targeted generate the c-di-GMP required for VpsR-dependent biofilm formation in rich medium.
The phenotype of the 12 DGC mutant on swim agar was more severe than any single DGC mutant strain, suggesting that the 12 DGCs targeted work in concert to additively or synergistically decrease motility (Supplementary Figure S6 ). Indeed, redundancy amongst DGCs has been previously reported (30, 31) . C-di-GMP is degraded by phosphodiesterases (PDE), thus in PDE mutant strains, one would expect elevated levels of c-di-GMP. It was previously shown that inactivation of the PDE cdgJ dramatically reduces swimming motility as a result of elevated c-di-GMP-mediated mannose-sensitive hemagglutinin pilus activity (30, 37) . Inactivation of 4 DGCs in the cdgJ mutant resulted in increased swimming motility (due to reducing cdi-GMP levels), however, the swimming motility observed was still significantly lower than an isogenic strain where the four DGCs were inactivated in an otherwise WT background (30) . This suggested that additional DGCs (other than the four targeted) might still be generating c-di-GMP, which results in reduced motility in the cdgJ mutant background. Consistent with prior work, the cdgJ mutant in a WT background resulted in a significantly decreased swim radius in our hands ( Figure 5F ). In the 12 DGC strain background, however, swimming was unaffected by inactivation of cdgJ ( Figure 5F ). Cumulatively, these results indicate that these 12 DGCs are primarily responsible for Nucleic Acids Research, 2017, Vol. 45, No. 12 7535 Figure 6 . ssDNA exonucleases inhibit natural transformation in Acinetobacter baylyi. Transformation assay of the indicated strains using tDNA that contains either 0.08/3 kb arms of homology or 3/3 kb arms of homology as indicated. Data are the result of at least three independent biological replicates and shown as the mean ± SD. **P < 0.01 and ***P < 0.001. production of c-di-GMP in rich medium to promote both swimming motility and biofilm formation in V. cholerae.
Natural transformation in Acinetobacter baylyi is also inhibited by cytoplasmic ssDNA exonucleases
Another highly naturally competent Gram-negative organism is A. baylyi. It was previously shown that the ssDNA exonuclease RecJ limits integration of tDNA by homologyfacilitated illegitimate recombination, but not by truly homologous recombination during natural transformation (38) . Homologous recombination, however, was tested in that study by using mutant constructs containing long regions of homology on both sides of the mutation. Indeed, we also find little impact of the ssDNA exonucleases RecJ and ExoX when using tDNA containing long arms of homology (3/3 kb) ( Figure 6 ). If we use tDNA that contains one short arm of homology (0.08/3 kb), we find that recJ exoX double mutants are significantly more transformable than the parent strain, albeit not to the levels observed when using the 3/3 kb product ( Figure 6 ). This result suggests that ssDNA exonucleases inhibit natural transformation in A. baylyi as observed in V. cholerae. Thus, rational removal of ssDNA exonucleases may be a viable approach to enhance the efficiency and ease of MuGENT in diverse naturally competent microbial species.
DISCUSSION
In this study we uncover that cytoplasmic ssDNA exonucleases degrade tDNA to inhibit natural transformation in V. cholerae and A. baylyi. Through systematic genetic dissection of ssDNA exonucleases in V. cholerae we identified that RecJ and ExoVII are likely the main inhibitors of this process. In a recJ exoVII double mutant, we found that one arm of homology can be reduced to as little as 10-15 bp and still support high rates of natural transformation. We further exploited this discovery to perform MuGENT in ssDNA exonuclease mutants using mutant constructs that are generated in a single PCR reaction, an advance we have termed Exo-MuGENT. This improvement greatly simplifies the procedure and enhances the scalability of MuGENT in V. cholerae to promote generation of highly edited bacterial genomes on even faster timescales. Indeed rational removal of nucleases has also been used to improve recombineering, a distinct genome editing method, in E. coli (39) . In A. baylyi we also found that ssDNA exonucleases inhibit natural transformation. However, rates of transformation with the 0.08/3 kb product in the recJ exoX mutant were still lower than when using the 3/3 kb product ( Figure 6 ). This suggests that other factors (additional ssDNA exonucleases, the MMR system, DNA endonucleases, etc.) may still prevent high efficiency integration of tDNA in A. baylyi. Identifying and characterizing these factors will be the focus of future work. One concern during mutagenesis is the introduction of off-target mutations. Indeed, exonucleases are important for MMR activity and exoVII mutants have previously been shown to have a hyper-recombination phenotype (40, 41) . Whole genome sequencing of our most highly edited strain, however, did not identify any off-target mutations. Thus, Exo-MuGENT is a robust method for editing genomes with high efficiency and fidelity.
We performed two proof-of-concept experiments to demonstrate the utility and speed of Exo-MuGENT in V. cholerae. First, we mutated 10 high-affinity binding sites for the nucleoid occlusion protein SlmA. This analysis uncovered that these 10 binding sites play a small, yet significant role in accurate cell division. Further mutagenesis of the remaining 69 SBSs may uncover which binding sites are critical for SlmA-dependent nucleoid occlusion. Furthermore, a strain lacking all SBSs would allow for testing which SBSs (or genomic positions) are sufficient to promote nucleoid occlusion, which will be the focus of future work. This experiment also provides a framework for assessing the function of additional DNA binding proteins (e.g. transcription factors, chromosomal macrodomain proteins, partitioning systems, etc.). Using Exo-MuGENT to mutagenize DNA binding sites can rapidly uncover which genetic loci are critical for a particular phenotype. Also, Exo-MuGENT could be used to introduce novel binding sites at disparate genetic loci to determine the role of chromosomal positioning on gene function.
In our second proof-of-concept experiment, we used Exo-MuGENT to inactivate the 12 DGCs that were mostly highly expressed and/or active during growth in rich medium. This resulted in a strain that produced no detectable c-di-GMP. Consistent with this, we find that even when the phosphodiesterase cdgJ is inactivated, the 12 DGC strain does not display reduced motility, a c-di-GMP dependent phenotype. As a result, we believe this mutant represents a genetic background with the lowest c-di-GMP levels observed in V. cholerae. Future work will focus on defining if any of the 12 DGCs studied here are independently sufficient to promote biofilm formation and reduce motility and/or if there are genetic interactions between these genes. Also, we will use Exo-MuGENT to systematically genetically dissect each of the 41 DGCs in V. cholerae as well as the 30 genes involved in degradation of this secondary messenger by first making a strain of V. cholerae that lacks all of these genes. This analysis could uncover genetic interactions among these loci as well as novel roles for c-di-GMP in V. cholerae biology.
Exo-MuGENT provides a significant advance over the original MuGENT protocol. First, mutant constructs for Exo-MuGENT can be made in a single PCR reaction while products for MuGENT require laborious in vitro DNA splicing. Thus, mutant constructs for Exo-MuGENT take hours to generate, while those for MuGENT generally take 2 days to prepare (see Supplementary Figure S3 for details). Additionally, failed SOE reactions are not uncommon when making mutant constructs for MuGENT and are burdensome to optimize. The ability to make mutant constructs in a single PCR reaction also allows for this process to be robotically automated; something that is difficult for MuGENT since SOE PCR requires gel extraction of PCR products (Supplementary Figure S3 ). This is highly advantagenous for genome scale editing where dozens of genome edits will be generated.
A major drawback to Exo-MuGENT, however, is that a modified strain background must be used (e.g. a P tac -tfoX recJ exoVII mutant), whereas the original MuGENT protocol worked in completely WT V. cholerae. In many cases, the recJ and exoVII mutations may not pose any issue; however, to make strains completely isogenic to WT, these mutations must be repaired, which adds one-two cycles of Exo-MuGENT to strain construction. Thus, it is most valuable to employ Exo-MuGENT over MuGENT when a large number of genome edits are desired. Each cycle of MuGENT takes ∼3 days to perform, while each cycle of Exo-MuGENT can be carried out in ∼2 days. Thus, for less than five to six genome edits it may be faster to employ Mu-GENT (assuming mutant constructs can be easily obtained by SOE PCR), while generating 5+ genome edits may warrant the use of Exo-MuGENT. For making highly edited genomes with dozens of mutations, Exo-MuGENT would be highly preferred. For example, making a strain with 50 genome edits by MuGENT would take ∼52 days to complete (assuming that three genome edits can be introduced per cycle on average), while at the same editing efficiency this mutant could be made in ∼36 days by Exo-MuGENT.
Exo-MuGENT adds to the continually developing toolbox of methods for synthetic biology in microbial systems. One major advantage of MuGENT over other methods for multiplex genome editing (e.g. MAGE) is the ability to introduce both small and sizable genome edits. The size of genome edits that can be incorporated at high-efficiency by Exo-MuGENT while sizable (∼50 bp), are significantly less than what was possible with the original MuGENT method (∼500-1000 bp genome edits at similar efficiencies). This can still allow for promoter swaps, RBS tuning, gene inactivation, etc. For most applications, the substantial benefit of easily generated mutant constructs (as discussed above) can be a worthwhile tradeoff. MuGENT has now been demonstrated in diverse species including V. cholerae (1), Vibrio natriegens (Dalia et al. bioRxiv. doi:10.1101/122655), Streptococcus pneumoniae (1), Helicobacter pylori (42) and A. baylyi (our unpublished results). Thus, Exo-MuGENT may be a viable approach in many of these and possibly other naturally competent organisms.
